Abstract-In this paper, we consider a massive multiple-input multiple-output (MIMO) downlink system underlaid with a device-to-device (D2D) network, where each D2D user equipment (UE) has multiple antennas. Each D2D transmitter (Tx) uses all its antennas to beamform information towards its desired D2D receiver, which uses only a single antenna for reception. Beamforming at the D2D Tx allows us to reduce D2D interference to neighbouring cellular UEs (CUEs). Due to highly directional beamforming at the massive MIMO base station, the cellular-to-D2D interference is negligible. For the above proposed system, we analyze the average per-user spectral efficiency (SE) of CUEs as a function of the D2D area spectral efficiency (ASE). Our analysis reveals that for a fixed D2D ASE and fixed number of D2D antennas, N , with increasing density of D2D Txs, λ, the average per-user SE of CUEs increases (for sufficiently large λ) and approaches a fundamental limit as λ → ∞. Also, this fundamental limit depends on the D2D ASE, R 
I. INTRODUCTION
Although the concept of device-to-device (D2D) proximity services has evolved as part of the long-term evolution (LTE) (Release 12) and 3 rd generation partnership project (3GPP), in the recent years, D2D has attracted a lot of attention as a key feature in the development of ultra-dense networks (UDN) for next generation 5G wireless systems [1] - [3] . the key performance indicator (KPI) requirements in 5G are efficient spectrum utilization, reduced energy consumption, and reduction in communication latency etc. [4] . D2D communication services offer direct communication link between mobile devices instead of routing the traffic through the cellular base station (BS). This feature of D2D reduces packet latency, improves energy efficiency (EE) and increases spectral efficiency (SE) by accommodating more number of user equipments (UEs), while enabling new peer-to-peer and location-based applications and services, e.g. public safety networks etc. [5] , [6] . Thus D2D communication is emerging as one of the key aspects in 5G wireless networking.
However, introduction of D2D communication in the existing cellular architecture is a challenging problem. Since D2D UEs share the spectral resources with cellular UEs (CUEs), uncontrolled growth of the D2D network would severely impact the performance of the existing cellular system. Therefore a comprehensive study on the impact of D2D-tocellular interference on the performance of the cellular network is required. Integration of massive multiple-input multipleoutput (MIMO) technology in cellular wireless system has been suggested as a possible solution to this D2D-to-cellular interference problem [5] . In massive MIMO systems, the BS deploys large array of antennas (of the order of hundreds) to serve only a few tens of CUEs in the same time-frequency resource [7] . Use of large antenna array opens up more available degrees of freedom which can potentially reduce the impact of D2D interference on the cellular system. This feature of massive MIMO systems makes it well-suited for the deployment of underlaid D2D communication network [5] , [8] .
Most of the recent works on the information rate performance of underlaid D2D network in massive MIMO cellular system consider single-antenna D2D UEs, for which EE-SE trade-off, power control of D2D UEs etc. have already been studied [8] - [11] . However use of single antenna UEs for D2D communication is not advantageous in terms of interference reduction and improving energy/ spectral efficiency. During uplink, interference from CUE transmissions would degrade D2D communication, since the single antenna D2D receiver cannot cancel CUE interference. Similarly, in the downlink, a single antenna D2D transmitter cannot beamform information selectively to its desired D2D receiver, thereby resulting in more interference to neighbouring CUE receivers. In some recent works, multi-antenna D2D communication has been proposed only during cellular uplink and it is assumed that D2D communication during cellular downlink would cause very high interference to neighbouring CUEs [2] , [5] , [6] . In this paper, we break this myth by showing that this is not the case if we use multiple antennas for D2D transmission during cellular downlink.
In this paper, we consider multi-antenna D2D UEs, operating in an underlaid manner with massive MIMO cellular downlink. Each D2D UE is equipped with N antennas. We propose a new D2D communication strategy, where a D2D transmitter (Tx) uses all N antennas to selectively beamform information only towards its desired D2D receiver, which uses a single antenna for reception. This array gain allows us to reduce the D2D transmit power, thereby reducing the amount of D2D interference to neighbouring CUEs. Further in massive MIMO downlink, the BS forms highly directional beams towards the CUEs. Due to highly directional nature of these beams, the cellular-to-D2D interference is also negligible. In this paper, for the above proposed D2D communication strategy (i.e. multi-antenna D2D transmission and single antenna D2D reception), we characterize the impact of the total D2D interference on the average per-user spectral efficiency (SE) of CUEs as a function of the area spectral efficiency (ASE) of the underlaid D2D network. To the best of our knowledge, this is the first paper to report such a study.
Contributions: The novel contributions presented in this paper are as follows: (i) for the above proposed system, using stochastic geometry tools, we derive closed-form expressions for the ASE of the D2D network and also for the average per-user SE of CUEs; (ii) for a fixed desired D2D ASE and fixed number of D2D Tx antennas, N , with increasing density of D2D Txs (λ), the required D2D transmit power decreases as 1 λ , when λ is sufficiently large; (iii) for a fixed D2D ASE and fixed N , the average per-user SE of CUEs increases with increasing λ (when λ is sufficiently large) and approaches a fundamental limit as λ → ∞; (iv) our analysis also reveals that for a fixed N and given D2D ASE, R N − 1 . This suggests the interesting result that by doubling the number of D2D Tx antennas, N , the D2D ASE can also be doubled, while maintaining a fixed fundamental limit on the average per-user SE of CUEs.
Notations: C and R denote the sets of complex and real numbers respectively. E denotes the expectation operator. (.) H denotes the complex conjugate transpose operation, while (.) * denotes the complex conjugate operator. Also, I N represents the N ×N identity matrix and CN denotes the complex normal distribution.
II. SYSTEM MODEL
We consider a single cell scenario, where a massive MIMO base station simultaneously serves a fixed number of single antenna cellular user equipments (CUEs) in the same time-frequency resource. We also consider an underlaid multi-antenna device-to-device (D2D) communication network, where the multi-antenna UEs form D2D pairs, i.e., they communicate directly with each other, thus bypassing the BS. In this paper, we consider the downlink phase, where the BS transmits information towards the CUEs. Since in massive MIMO, the BS can form highly directional beams towards the CUEs, the impact of interference from the BS to the D2D UE reception can be assumed to be negligible. 1 Each D2D UE in a D2D pair can operate in one of the following two modes: (a) D2D transmitter (Tx)-in this mode, all N antennas are actively used for beamforming information towards the corresponding D2D receiver in the pair; (b) D2D receiver (Rx)-in this mode, only one antenna remains active for reception. Thus effectively every D2D Tx-Rx pair acts as a MISO (Multiple-Input SingleOutput) system. The Tx or Rx mode of operation can be 1 We assume that in any time slot, a UE is operating either as a cellular UE or as a D2D UE, but not as both. assigned either through mutual cooperation of the UEs in a pair or by the BS.
In this paper, we assume that the UEs in a D2D pair are always at a fixed distance D from each other [5] , [8] . Let P D be the total power transmitted by a D2D transmitter. In this paper we would like to study the impact of interference from D2D Txs on the average information rate achieved by a CUE for a given area spectral efficiency (ASE) of the D2D network. To determine the information rate performance of a CUE, we proceed as follows. Firstly, we assume that the D2D pairs are uniformly distributed and hence the impact of D2D Tx interference to any CUE is independent of the location of the CUE. To compute the interference power from D2D Txs to a particular CUE, we model the locations of the D2D Txs using a homogeneous Poisson Point Process (PPP) Φ ∈ R 2 of intensity λ, with the CUE under consideration at origin.
Since we are interested in studying the impact of D2D interference on the average downlink rate of a CUE for a given D2D ASE, we also need to derive an expression for the ASE of the underlaid D2D network, as a function of λ (average number of D2D pairs per unit area), N (number of transmit antennas at the D2D Tx) and P D (the D2D transmit power). To derive this expression, we consider a D2D pair and evaluate the useful signal power received at the D2D Rx under consideration from its corresponding D2D Tx. We also compute the total interference power from all other interfering D2D Txs, by modelling their locations using PPP Φ of intensity λ. The cellular and D2D UE interference and signalling model discussed above is illustrated in Fig. 1 .
A. Channel and Pathloss Model
We assume that the BS has perfect knowledge of the channel state information (CSI) of all the downlink channels to each CUE. The D2D Txs have perfect CSI of the channel only to their corresponding D2D Rx. All channel gains are assumed to be independent of each other. The channel gain between any Tx and Rx is product of a fast fading component and a geometric attenuation coefficient. The fast fading component is assumed to be Rayleigh distributed. For the geometric attenuation coefficient, β(r), we adopt a generalized model [12] as given below 10 log 10 β(r)
where l(r) is the pathloss component (here r is the distance between the transmitter and the receiver). In (1), d 0 is the far-field distance from the transmitter, λ c ∆ = c/f c , where c = 3×10 8 m/s and f c is the carrier signal frequency. Ξ dB is a real zero mean Gaussian random variable with standard deviation σ db dB and models the lognormal shadowing. The pathloss component l(r) is defined as [13] l(r)
where α d > 2 is the pathloss exponent. Based on the above proposed system model, in the following we analyze the impact of D2D interference on the average information rate achieved by a CUE for a given ASE of the underlaid D2D network. In Section III, we analyze the ASE of D2D network and in section IV, we analyze the average information rate achieved by a CUE in the presence of D2D interference.
III. AREA SPECTRAL EFFICIENCY OF D2D NETWORK
The area spectral efficiency (ASE) of a D2D network is the average value of the information sum-rate of all D2D pairs per-unit area. As discussed before, to compute the ASE, we model the D2D Rx under consideration to be at the origin, with its corresponding D2D Tx at a fixed distance D from it (D > d 0 ). The other interfering D2D Txs are located randomly according to a homogeneous PPP Φ of intensity λ. We denote the D2D Tx-Rx pair under consideration as the k = 0-th D2D pair. For the k th D2D Tx-Rx pair, the corresponding channel gain vector between its Tx and Rx UEs is given by
where g k,i , i = 1, 2, . . . , N denotes the channel gain between the i th antenna of the k th D2D Tx and the single antenna of its corresponding D2D Rx. √ β k > 0 is the geometric attenuation coefficient and h k ∼ CN (0, I N ). We further assume that the k th D2D Tx beamforms the information symbol u k ∼ CN (0, 1) towards its corresponding Rx using maximum ratio transmission (MRT). Therefore the signal received at the D2D Rx under consideration (i.e. the 0 th D2D Rx at origin) is given by
Interference and Noise terms ,
where n ∼ CN (0, σ 2 ) is the AWGN at the D2D Rx under consideration and g
is the channel gain vector between the D2D Rx under consideration and the k th interfering D2D Tx. h
and independent with respect to h k . β
In (4) for fixed channel gains (g k and g
k ), the power of the useful information signal is given by
2 , where (a) follows from (3). The variance of the interference and noise terms in (4) is given by
Thus the information rate of the 0 th D2D Rx for fixed channel gain is given by log 2 (1 + SINR), where
The ergodic ASE is therefore given by
where γ d ∆ = PD σ 2 and λ is the average number of D2D pairs per unit area. Here the expectation is taken over all realizations of channel gain vectors and over all realizations of PPP Φ.
Proposition 1. (Lower Bound on ASE)
A lower bound on the ergodic ASE of the underlaid D2D network, defined in (7), is given by Proof: See Appendix.
Corollary 1. (Corollary to Proposition 1)
It is observed that with fixed N , λ and D, as P D → ∞, i.e., γ d → ∞, we have R
i.e., the achievable ASE approaches a constant limiting value.
λ is a monotonically increasing function of P D . As the D2D Tx power increases, both the useful received signal power at the D2D Rx under consideration as well as the total interference power from other interfering D2D Txs increase linearly (with increasing P D ) while the AWGN power remains fixed. Therefore the D2D ASE becomes interference limited as P D → ∞.
Further from Corollary to Proposition 1, it is evident that for a given area density of D2D Txs, λ, the achievable ASE, R Proof: From (8), it can be shown that the required γ d to achieve R
is given by
where (a) follows from the fact that when R
0 ln 2, using the approximation e x ≈ 1 + x, for small x. From (11), it is clear that for fixed N , D and R
is a monotonically decreasing function of λ for a fixed R (d) 0 , from (10) it is evident that for a fixed desired D2D ASE R (d) 0 , the required D2D transmit power P D decreases with increasing λ. The total interference power received at the D2D Rx under consideration is proportional to λP D , i.e., λ γ d . Using (10), we get
Since λ(2
is monotonically decreasing with increasing λ for a fixed R (12), it is evident that λP D decreases with increasing λ. Hence for a fixed D2D ASE, the total D2D interference power decreases with increasing λ. 
The useful signal power at the D2D Rx under consideration is proportional to P D and the total received interference power is proportional to λP D . Therefore the overall SINR is of the following form
where σ 2 is the AWGN power at the 0 th D2D Rx (i.e. the D2D Rx under consideration), c 2 > 0 and c 3 > 0 are constants, and
Using (13) in (14) we get
This implies that for a fixed desired D2D ASE R 
IV. AVERAGE PER-USER SPECTRAL EFFICIENCY OF CELLULAR DOWNLINK
For cellular downlink in massive MIMO, the per-user spectral efficiency (SE) of CUEs in the absence of underlaid D2D interference can be modeled as
where γ c 0 is the effective SINR [14] , [15] . In the absence of D2D interference, the downlink SINR at the CUE, γ c 0 is almost deterministic (i.e. does not vary significantly with changing channel realization) when the number of BS antennas is sufficiently large [7] . For a given density of D2D Txs, λ, let I d be the total interference power from the D2D Txs to the CUE under consideration at the origin. D2D Txs are distributed according to a homogeneous PPP Φ. The channel gain vector between the CUE at origin and the l th D2D Tx is given by g
where g > 0 models the corresponding geometric attenuation. With MRT beamforming at the D2D Txs towards their corresponding D2D Rx, the overall interfering D2D signal received at the CUE at the origin is given by
where
is the channel gain vector between the l th D2D Tx and its corresponding D2D Rx. u l ∼ CN (0, 1) is the information symbol transmitted by the l th D2D Tx. Clearly the total D2D interference power at the CUE under consideration is given by
where (a) follows from (17) . The power of the information signal received at the CUE under consideration (from BS) is γ (c) 0 σ 2 and the AWGN power at the CUE is σ 2 (see (16) ). Therefore in the presence of D2D interference, the total effective SINR for a given channel realization is given by γ
. Since the D2D interference signal is Gaussian (see (17) ), the ergodic per-user SE of the CUE under consideration is therefore given by
where E [.] indicates averaging over all possible realizations of channel gain vectors and also over all realizations of PPP Φ. We consider γ c 0 to be fixed and deterministic as discussed above. 
Proof: Using Jensen's inequality in (19), we have
where (a) follows from (16) . Using the expression of I d from (18), we have
2λπxdx
where (b) follows from the fact that E h
Step (c) follows from the fact that E[β
, where x l is the distance of the l th D2D Tx from the CUE under consideration at the origin (this result is obtained by proceeding along the same steps as in (27)).
Step (d) follows from Campbell's theorem 2 [16] . Finally step (e) follows from the definition of pathloss l(x) in (2). Using (22) in (21), we obtain (20).
In the following using Propositions 1 and 2, we derive the main result of this paper where we characterize the per-user 2 For a sum of measurable functions on a point process Φ on R 2 , the Campbell's theorem states that E[
where λ is the intensity function of Φ. The elemental area of a circular ring lying between concentric circles of radii x and x + dx respectively is dv = 2πxdx. In our case,
, where l(x) is the pathloss at all points on a circle of radius x (see (2) ).
SE of CUE (in the presence of D2D interference) as a function of D2D ASE. (9)), the average peruser spectral efficiency of cellular downlink in the presence of D2D interference is given by
Theorem 1. For a fixed desired ASE of the D2D network R
. 
This value gives us the fundamental limit on the average per-user SE of CUEs that can be achieved while maintaining a fixed desired D2D ASE. For a fixed D2D ASE, R ). This suggests that with every doubling in N , the D2D ASE can be approximately doubled. This observation is also supported by Fig. 3 .
Summary of Results:
Thus our work presents two important conclusions on the impact of D2D interference on the average per-user information rate of CUEs in massive MIMO downlink systems. Firstly, through Remark 4 we show that for a fixed D2D ASE, with sufficiently large number of D2D pairs, the average per-user SE of CUEs increases monotonically with increasing number of D2D pairs and approaches a limit. Secondly, in Remark 6 we show that a larger number of D2D Tx antennas would allow a higher value of D2D ASE to be achieved while maintaining a fixed fundamental limit on the average per-user SE of CUEs.
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we use monte-carlo simulation to verify the relation between the average per-user SE of CUEs and the D2D ASE. For all simulation studies, we assume the following values for system parameters: operating carrier frequency f c = 2 GHz, the distance between Tx and Rx of a D2D pair D = 50m and the far-field distance from transmitter d 0 = 35m (for outdoor environment in a micro-cell). Further we assume the noise power spectral density to be N 0 = 10 −20.4 W/Hz and the communication bandwidth to be B w = 1 MHz. Thus the effective noise power is given by σ 2 = N 0 B w = −174 dBm. The pathloss exponent is taken to be α d = 4 and the standard deviation for lognormal shadow fading is σ db = 3 dB. All these values are based on realistic data obtained in prior works [1] , [5] , [8] , [12] , [13] , [17] , [18] . Also we assume the average per-user SE of CUEs in massive MIMO downlink in the absence of underlaid D2D to be R = 25 bps/Hz/sq.km. and fixed N = 4, we plot the exact average peruser SE of CUEs (by numerically computing the expectation in (19)) as a function of increasing D2D density λ. We also plot the analytical lower bound to (19), i.e. the achievable rate R c,d λ (see (20) ). It is observed that for sufficiently large λ, the average per-user SE of CUEs increases monotonically and approaches a limiting value. This supports our conclusions regarding the fundamental limit on the average per-user SE of CUEs in Remark 4. From the figure we note that the difference in the values of this fundamental limit obtained from simulation and that from our analytical expression is small (≈ 0.2 bps/Hz).
In Fig. 3 , we plot the fundamental limit on the average peruser SE of CUEs, both analytically (see (24)) and numerically through simulation, as a function of increasing D2D ASE, R ∞ is almost the same and the D2D ASE almost doubles (91/42 = 2.16). This supports our conclusion in Remark 6.
